Common bean (Phaseolus vulgaris L.) is the most consumed edible grain legume worldwide and contains a wide range of nutrients for human health including dietary fiber. Diets high in beans are associated with lower rates of chronic diseases such as obesity and type 2 diabetes, and the content of dietary fibers varies among different market classes of dry bean. In this study, we evaluated the dietary fiber content in a Middle American diversity panel (MDP) of common bean and evaluated the genetic architecture of the various dietary fiber components. The dietary fiber components included insoluble and soluble dietary fibers as well as the antinutritional raffinose family of oligosaccharides (RFOs; raffinose, stachyose, and verbascose). All variables measured differed among market classes and entries. Colored bean seeds had higher levels of insoluble dietary fibers with the black market class showing also the highest raffinose and stachyose content. Cultivars and lines released since 1997 had higher insoluble dietary fibers and RFO content in race Durango. Higher levels of RFOs were also observed in cultivars with type II growth habit that was a recent breeding target in Durango race germplasm. Candidate genes for dietary fiber traits, especially homologs to two main genes in the RFO biosynthesis pathway, were identified. The knowledge of diversity of dietary fibers in the MDP accompanied with the identification of candidate genes could effectively improve dietary fiber components in common bean. ).
D ry edible bean is one of the most important food grain legumes worldwide (FAOSTAT; http://www.fao. org/faostat). Dry beans possess a wide range of nutrients and phytochemicals that provide beneficial human health effects and are high in protein, dietary fiber, and minerals (Mitchell et al., 2009; Campos-Vega et al., 2013; Mudryj et al., 2014) . Worldwide consumption varies considerably, ranging from 2 to 3.5 kg yr −1 per capita in Europe and the United States to 40 kg yr −1 per capita in Burundi (FAOSTAT; http://www.fao.org/faostat). Dry edible beans are produced and sold as distinct market classes based on seed characteristics (size, color, shape). The market classes grown in North America include: pinto, great northern, pink, small red, black, navy, small white, light red kidney, dark red kidney, yellow eye, Anasazi, cranberry, and others.
Dry bean seed is known to be nutritious and have health benefits in the human diet (Hall et al., 2017; . However, chronic diseases, such as obesity, type 2 diabetes, cardiovascular disease, and cancer, continue to pose a threat to the quality of life worldwide. One component of dry bean that has been implicated in their health benefit is dietary fiber. The seeds are higher in dietary fiber than cereal crops, which dominate the focus as fiber-rich foods. A beanrich diet has been linked to lower rates of type 2 diabetes, obesity, heart disease, and some cancers (Andersen et al., 1984; Bazzano et al., 2001; Hangen and Bennink, 2002; Mitchell et al., 2009; Anderson et al., 2009 : Dahm et al., 2010 Campos-Vega et al., 2013) . However, not all market classes have the same health benefits, and some are shown to be more effective in promoting health than others . Therefore, there is a need to evaluate the genetic diversity and better understand the genetic control of dietary fiber in dry bean germplasm.
Dietary fiber is defined as the portions of plant foods that are resistant to digestion in humans (Jones, 2013) . Trowell (1976) included components, such as plant polysaccharides and lignin that are resistant to hydrolysis by digestive enzymes, in the list of components of dietary fiber. Trowell (1976) also included components such as cellulose, hemicellulose, gums, modified celluloses, mucilages, oligosaccharides, and pectins along with associated minor substances such as waxes, cutin, and suberin. As the definition of dietary fiber changed over time, dietary fiber came to include resistant starch, fructans, polydextrose, and resistant maltodextrins. The inclusion of these components led to the adoption of an updated method to measure dietary fiber in foods. The CODEX Alimentarius Commission modified the method to measure dietary fiber and termed the more inclusive definition as total dietary fiber (TDF) (McCleary et al., 2012) . Recently, a revised method to quantify the amount of TDF in food was approved by the American Organization of Analytical Chemists. This method is known as the AOAC 2011.25 or the Integrated Total Dietary Fiber Method. This method classifies TDF into three main components: insoluble dietary fiber (IDF), soluble dietary fiber (SDF), and the oligosaccharide content (McCleary et al., 2012) . This method was later adapted to determine TDF in cooked dry bean (Kleintop et al., 2013) .
Insoluble dietary fiber, which is insoluble in water, provides bulking in the digestive tract, and can be metabolically fermented in the large intestine to form prebiotic compounds known to provide energy for probiotic organisms that help to maintain a healthy digestive tract (Grizard and Barthomeuf, 1999) . Soluble dietary fiber components are made up of carbohydrates that are soluble in water but cannot be digested in the human stomach. The SDF components are also readily fermented in the colon to produce by-products that act as prebiotic agents. Oligosaccharides in dry beans are sometimes considered undesirable compounds (e.g., α-galactosides), also known as the RFOs, which include raffinose, stachyose, and verbascose. The oligosaccharide fraction is a concern in the diet because they are fermented in the intestinal tract and result in flatulence and occasional digestive discomfort. Because of the negative aspects associated with oligosaccharides, such as flatulence and discomfort, decreasing their content is of interest in pulse crops to enhance the acceptability in the human diet. Therefore, plant breeders have an interest in reducing the oligosaccharide fraction to increase the digestibility of dry beans.
Renewed interest in the consumption of pulse crops (grain legumes) in the human diet has emerged as part of an initiative to reduce the pandemic of obesity and associated chronic diseases. This was embodied in the proclamation by General Assembly of the United Nations that voted 2016 as the International Year of Pulses. To make reliable recommendations for dietary consumption of pulse crops and improve their nutritional value, there is a need to establish the amount and types of nutritional components that contribute to health benefits in the human diet. This research focuses on TDF and the genetic contribution to the components of TDF.
To better understand the genetic control of the traits in crops, genome-wide association studies (GWAS) are useful. Genome-wide association studies are an alternative to linkage analysis and mine the natural sequence diversity within a species to discover loci that control complex traits (Jorde, 2000; Mackay, 2001; Nordborg and Tavaré, 2002) . The GWAS captures more recombination events leading to higher mapping resolution than a biparental population. A GWAS can define candidate genes associated with important traits in common bean (Cichy et al., 2015; Kamfwa et al., 2015a,b; Moghaddam et al., 2016) . Other studies used GWAS to investigate traits similar to those that we measured in this study such as fiber quality (Abdurakhmonov et al., 2008) , vitamin A content (Harjes et al., 2008) , starch content and composition (Wilson et al., 2004) , and carotenoid content (Palaisa, 2003) .
Interest in breeding crops for enhanced human nutritional benefits has increased recently Diepenbrock and Gore, 2015; Hall et al., 2017) . Breeding efforts to alter the TDF content of pulse crops is of interest, and the goals to increase the SDF and IDF portions and reduce the oligosaccharide content remain relevant (Brick et al., 2011 , Kleintop et al., 2013 . To breed dry beans for enhanced TDF, there is a need to discover genetic markers and/or genes that control the amount and types of dietary fiber in currently available bean germplasm. This will facilitate the indirect selection of suitable parents for crossing and selecting progeny with altered IDF, SDF, and oligosaccharide content. This information is essential to develop cultivars with optimum TDF content for consumption, an outcome that will assist with reducing the prevalence of associated chronic diseases. The objectives of this research were to (i) evaluate the amount of dietary fiber components in MDP at the subpopulation and market class levels; and (ii) identify genomic regions and candidate genes that control IDF, SDF, and oligosaccharide in a diverse gene pool of dry bean cultivars.
MATERIALS AND METHODS

Plant Material and Single-Nucleotide Polymorphism Data Set
The MDP consists of 280 cultivars representative of the Mesoamerican gene pool from entries of the Bean-CAP diversity panel (Moghaddam et al., 2016) . The MDP is split into 100 race Mesoamerican (MA) and 180 race Durango-Jalisco (DJ) entries, respectively. Only 261 genotypes had both genotypic and phenotypic data in this study and were used for all the analyses. The SNP data is described by Moghaddam et al. (2016) , and the phenotypic data for this study is provided as least-square means in Supplemental Table 1 .
The cultivars were grown in a randomized complete block design with three replications at the Agricultural Research Development and Extension Center, Fort Collins, CO. The elevation at the center is 1554 m asl and has an average of 142 frost-free days. The soil is a Fort Collins loam (fine-loamy, mixed, superactive, mesic Aridic Haplustalfs). Each experimental unit measured 1.5 by 6.4 m (two 0.76-m rows). The crop was managed using appropriate management practices and fertility. Planting occurred on 4 June 2011 using a four-row precision planter. The seeding rate was ~195,000 seed ha −1 . The field was furrow irrigated as needed to maintain optimum soil moisture at an optimum for plant growth. The plots received 506 mm of rainfall plus irrigation during the growing season. Plots were hand harvested at maturity for each cultivar (from 87 to 99 d after planting) and threshed with a stationary Vogel thresher.
Integrated Total Dietary Fiber Assay
Total integrated dietary fiber content was quantified in bean seed according to the modified AOAC 2011.25 method (Kleintop et al., 2013) using a commercial assay kit (K-INTDF; Megazyme International) (McCleary et al., 2012) . The assay was modified to simulate commercial processed canned beans that are commonly consumed in the United States (Kleintop et al., 2013) . Briefly, the assay used ~1 g bean seed that was cooked in an autoclave and ground followed by enzymatic digestion with a-amylase and AMG mixture, two gravimetric filtrations, and highperformance liquid chromatography (HPLC) analysis to quantify oligosaccharide content. This assay was adapted to measure IDF, SDF, and RFOs. The total of IDF, SDF, and oligosaccharides was considered TDF content. Oligosaccharide content was measured using HPLC paired with an electrochemical detection method to separate and quantify specific oligosaccharides. Seed samples from each field replicate were used for statistical analysis.
Phenotypic Analyses of Plant and Dietary Fiber Traits
For each trait, ANOVA was performed for the seven major market classes in R version 3.3 (R Core Team, 2016) using lme4 (Bates et al., 2015) and lmerTest packages (Kuznetsova et al., 2015) , where replication was considered a random effect. Mean separation was also conducted in R using library Package 'agricolae' version 1.1-1 and LSD.test function (de Mendiburu, 2012; R Core Team, 2016) based on Fisher's protected least significant difference. The Pearson correlation was calculated and graphed using R library PerformanceAnalytics (Peterson et al., 2014) .
Population Structure, Relatedness, and Genome-Wide Association Studies
Genome-wide association studies were conducted at the entire population and race levels for individual dietary fiber traits as well as the combined values TDF, IDF+SDF, and oligosaccharides. From the 280 entries in the MDP, 261 entries had both phenotypic and genotypic data and were used for GWAS. From a total of 242,040 SNPs mapped against the V1 assembly of common bean, 157,031 SNPs had a minor allele frequency (MAF) ≥ 5% for the entire MDP population. The DJ race was analyzed using 152,932 SNPs (MAF ≥ 5%), while the MA race was analyzed using 132,848 SNPs (MAF ≥ 5%). Population structure, based on SNPs with MAF ≥ 5% was determined using principal component analysis calculated using prcomp function in R (Price et al., 2006; R Core Team, 2016) . The first two principal components, which controlled 25% of the variation, were used in GWAS for the entire MDP population. Population structure was not considered at the race level. Individual relatedness was accounted for by an identity-by-state kinship matrix generated by the EMMA algorithm (Kang et al., 2008) . The GWAS were performed in GAPIT (Lipka et al., 2012) . Multiple models were tested per trait on the MDP: (i) null general linear model, (ii) general linear model with fixed effects to account for population structure, (iii) univariate unified mixed linear model (Yu et al., 2006) using the population parameters previously determined method (Zhang et al., 2010) to control for individual relatedness, and (iv) a model that controls for both individual relatedness and population structure. The mean square deviations (Mamidi et al., 2011) were used to select the best model. Manhattan plots were created using mhtplot function from R package gap (Zhao, 2007) . GenABEL package in R (Aulchenko et al., 2007) was used to calculate the phenotypic variation explained by a significant candidate SNPs while controlling for population structure and individual relatedness using the likelihood-ratio-based R 2 (R 2 LR ) described in Sun et al. (2010) . Two cutoff thresholds were used to determine the significant SNPs from the GWAS results: (i) a stringent cutoff where SNPs fall in the lower 0.01 percentile tail of the empirical distribution of the P-values after 1000 bootstraps and (ii) a relaxed cutoff that included SNPs that fall in the 0.1 percentile tail of the empirical distribution of the P-values after 1000 bootstraps (Mamidi et al., 2014) . Candidate gene identification focused on (i) gene models containing significant SNPs, (ii) a 300-Kb window centered on a SNP with P-values below the stringent cutoff, or (iii) SNP that fell in the relaxed cutoff were considered if there was a priori knowledge regarding a gene's function. 
RESULTS
Phenotypic Analysis
Entry means and market classes differed (P ≤ 0.05) for all variables measured including, IDF, SDF, IDF+SDF, TDF, and the RFOs (Table 1) . Means for races MA and DJ did not differ for IDF, SDF, TDF or total oligosaccharides; however, they differed for each component of RFOs.
Among the components of TDF, IDF was the highest portion (54.0%) followed by SDF (29.2%), stachyose (14.7%), raffinose (1.7%), and verbascose (0.4%). When entries were grouped by plant characteristics (Table 2) , IDF was higher in colored beans than white beans, entries released since 1997 were higher than those released before 1997, and black and small red entries were higher than great northern or navy beans, with pink, pinto, and small white intermediate. Entries with Type II and Type III growth habit and those from race DJ and MA did not differ for IDF. For SDF, among plant characteristics, only market classes differed in content with great northern and pink entries the highest, pinto, and black the lowest and navy, small red, and small white intermediate. Raffinose was higher in race MA than DJ, and verbascose and stachyose were higher in race DJ than MA ( Table  2 ). The navy market class showed lower mean verbascose and stachyose, while it fell in the middle range for raffinose. The black market class had the highest content of raffinose and stachyose but among the lowest for verbascose. Entries released since 1997 showed higher raffinose but lower verbascose content. Only the raffinose family of oligosaccharides showed a difference based on the growth habit, with Type II growth habit beans having higher raffinose and lower stachyose and verbascose content than Type III (Table 2) .
Insoluble dietary fiber and SDF were negatively correlated (r = −0.32). Raffinose and stachyose content were not correlated; however, raffinose and verbascose were negatively correlated (r = −0.42). Verbascose and stachyose were positively correlated (r = 0.38). Total oligosaccharide content was highly correlated with stachyose (r = 0.97), the largest component of the oligosaccharide profile (Fig. 1) . Fig. 1 . Correlation coefficients between the dietary fiber traits based on least-square means. IDF, insoluble dietary fibers; SDF, soluble dietary fibers; Oligos, combined raffinose, stachyose and verbascose.
Genome-Wide Association Study
A GWAS was conducted for the entire MDP as well as the entries from MA and DJ races individually. Except for raffinose and verbascose, the 2PC-EMMA mixed model was the best model for all traits of the entire MDP. In races DJ and MA, the model including a kinship matrix to control for individual relatedness almost always performed better than the naive model (total oligosaccharides and TDF in MA were the exceptions). Many race DJ-specific GWAS signals were found, but only a few race MA-specific peaks were observed. However, there were more DJ entries than MA, so the statistical power was higher for DJ.
We identified 20 SNPs associated with dietary fiber traits (Supplemental Table S2 ). Five of these SNPs were race DJ-specific, while no race MA-specific candidates were found. Of the 20 SNPs that were associated with a trait, five mapped inside a candidate gene, while the remaining SNPs were located downstream or upstream of a candidate gene or in its surrounding genes.
Although TDF encompasses the IDF, SDF, and oligosaccharide components, GWAS for TDF detected only two major peaks: one at the distal end of Pv08 (50.87 Mb), which was in common with SDF (Supplemental Fig.  S1b ) and IDF+SDF (Supplemental Fig. S1c ) and another at the proximal end of Pv08 (3.83 Mb), which was only in common with SDF. Insoluble dietary fiber was not coassociated with any other trait, and most candidate genes were related to cellulose biosynthesis. A colocalized peak at the distal end of Pv01 near two candidate genes in the RFO biosynthesis pathway was observed for total content of oligosaccharide and the RFOs. The Manhattan plots for all traits in MDP and both DJ and MA subpopulations are provided in Supplemental Fig. S1 .
The amount of variation explained by the nearest significant SNPs to the candidate genes varied 4 to 9% across traits. The R 2 LR was also calculated for the contribution of all candidate SNPs collectively for each trait in the entire MDP. The collective R 2 LR was the highest for IDF with a value of 24% followed by raffinose (17%), SDF (12%), and TDF (12%) (Supplemental Table 2 ).
DISCUSSION
In this study, we were interested in evaluating the dietary fiber content of a MDP of common bean from two races, seven market classes, two growth habits, and entries released before and after 1997. We also studied the genetic architecture of these traits and found strong candidate genes that can pave the way for precise breeding in the future.
Colored seeds, such as black and red market classes, had higher levels of IDF. Although it is established that black-, red-, and brown-colored seeds have the highest phenolic and tannin contents relative to the white beans, there is no study that shows any association between the seed coat color and dietary fiber contents in common bean, but it is known that the interaction between pulse fibers and polyphenolic compounds can affect the physiological properties and health benefits of fibers. In common bean, the IDF fraction is more associated with phenolic compounds (in lignin tissue) than the SDF fraction (Singh et al., 2016) . Older literature on Brassica pointed to higher fiber content in brown-seeded than yellow-seeded Brassica genotypes (Slominski et al., 1994; Simbaya et al., 1995) . A new study in oilseed rape (Brassica napus L.) revealed a colocalized QTL affecting seed coat color and fiber (Stein et al., 2013) . However, phenylpropanoid pathway genes were not identified near the fiber candidate genes in our study. Another study in soybean [Glycine max (L.) Merr.] demonstrated that darker seed coat color resulting from longer storage time and humidity contained higher fiber and phenolic content (Yousif, 2014) .
By evaluating the difference in the dietary fiber content based on cultivar release date, we attempted to evaluate the effect of breeding on the components of this nutritionally important trait (Table 2) . Comparison between the amount of dietary fiber components in the new and older entries in race Durango indicated a significant increase in the IDF level in cultivars released since 1997, many of which have Type II growth habit. The increase in IDF is a desirable outcome from a nutritional point of view, although it was not a deliberate breeding objective. It might be expected that IDF components such as cellulose, lignin, and other compounds contribute to increased IDF content in Type II cultivars; however, Type II and Type III cultivars did not differ for IDF content. Although the amount of IDF has increased in the cultivars developed after 1997 in common bean, this is accompanied with an increase in raffinose but a decrease in verbascose content. Higher levels of raffinose in the newer breeding cultivars were also observed in Type II growth habit. This is evidence that breeding for new cultivars since 1997 has started the path to higher fiber content but potentially higher antinutritional RFO contents in common bean. Although RFOs may act as prebiotics that stimulate the beneficial gut microflora (Voragen, 1998) , they are considered antinutritional for human consumption because these oligosaccharides cannot be digested because of the lack of α-galactosidase in human digestive tract. Alpha-galactosidase is the only enzyme that can break the bond between galactosyl residues in this family of oligosaccharides. Therefore, RFOs are fermented by bacteria and cause flatulence. As a result, some breeding programs aim to reduce the RFO levels (Frias et al., 1999) in plants such as common bean. However, RFOs play an important role in plant abiotic and oxidative stress tolerance because they are involved in carbon partitioning and reallocation during the stress by interacting with other carbohydrate pathways (ElSayed et al., 2014) . This raises the question: What will be the effect of breeding for lower RFOs on overall plant productivity, especially under stress condition? Therefore, a potential tradeoff exists between human acceptability of common bean and possibly a decreased plant stress response as a result of reducing the RFO content. While the effects of breeding on dietary fiber components has not been evaluated previously, a decline for some important minerals in wheat (Triticum aestivum L.) and vegetables as a result of breeding were detected (Garvin et al., 2006; Fan et al., 2008) . For example, soft white wheat is one of the crops whose nutritional value has decreased as a result of selection for low ash content over 120 yr of breeding (Murphy et al., 2008) . A 5 to 40% decrease in minerals, vitamins, and protein content was reported for vegetables over a 50 to 70 yr time span (Mayer, 1997; Davis et al., 2004; White and Broadley, 2005) .
Candidate genes that are part of pathways related to the synthesis of dietary fiber components were identified (Supplemental Table 2 ). Most of the candidate genes for IDF were related to cellulose synthesis and microfibril organization; cell wall synthesis, degradation, and remodeling; and hemicellulose remodeling. The candidate genes identified for SDF were located on Pv08 and showed catabolic activities resulting in changes in the amount of soluble polysaccharides. Two candidate genes that function in the RFO biosynthesis pathway were located at the distal end of Pv01 for all three RFO oligosaccharides. The two candidate genes are only 114.6 Kb apart. Phvul.001G214300 and Phvul.001G215300 are homologous to Arabidopsis STACHYOSE SYN-THASE (STS)/RAFFINOSE SYNTHASE 4 (RS4) and GALACTINOL SYNTHASE 1 (GolS1), respectively. They are both part of the RFO biosynthesis pathway. GolS1 catalyzes the first step of the pathway and generates galactinol from UDP-d-Gal and myo-inositol and regulates the carbon partitioning between sucrose and RFOs (Saravitz et al., 1987; Liu et al., 1998; Sprenger and Keller, 2000) . Figure 2 illustrates the RFO biosynthesis pathway as well as the GWAS signals that might be part of this pathway. The Arabidopsis genome contains seven GolS family members from which GolS1 and GolS2 are expressed in the seeds. Transgenic Arabidopsis plants that overexpress galactinol synthase and raffinose synthase showed elevated amounts of galatinol and raffinose (Bolouri- Moghaddam et al., 2010) . STS/AtRS4 is the only stachyose synthase in the genome of Arabidopsis, and it is the second seed-specific raffinose synthase in addition to AtRS5 (Gangl et al., 2015) . The raffinose-to-stachyose product ratio is determined by the concentration of its substrates such as galactinol and sucrose (Gangl et al., 2015) . Stachyose synthase has been purified from the seeds of kidney bean (Tanner and Kandler, 1966) . No other candidate genes were found for verbascose content, but additional candidate genes were detected for stachyose and raffinose. Phvul.009G175400 is homologous to Arabidopsis RAFFINOSE SYNTHASE 5 (RS5), which is the primary raffinose synthase protein found in seeds, and its loss of function mutant reduces the raffinose accumulation in leaves and seeds (Egert et al., 2013) . In this study, we were able to detect both seed-specific raffinose synthases as candidate genes. Other candidate genes that were detected for raffinose are not primary enzymes in RFO biosynthesis but affect the pathway such as the homolog of TARGET OF RAPAMYCIN (TOR), which is a protein kinase and part of the high molecular mass complexes TORC1 whose function is needed for raffinose and myo-inositol synthesis (Robaglia et al., 2012) . HEXO-KINASE 1 (HXK1) is an enzyme that phosphorylates hexoses (6-carbon sugars) and produces hexose phosphate. The most important product of this enzyme is glucose-6-phosphate (Glc6p) which is the substrate for the synthesis of sucrose or myo-inositol and raffinose in the cytosol. Glc6p induces TOR (TORC1) activity, which impacts raffinose synthesis (Amiard et al., 2003; Dobrenel et al., 2013) . STS/AtRS4 and GolS1 homologs probably play a role in RFO content in common bean but all significant SNPs are upstream or downstream of these two seemingly important gene models, so it is not possible now to infer whether certain mutations and alleles are associated with the RFO content. Comparing multiple genotypes at the full sequence level of these genes can be the next step in future evaluations, which could lead in the identification of a reliable marker for markerassisted selection of RFOs in common bean.
We analyzed the dietary fiber components individually as well as combined in the form of IDF+SDF, TDF, and oligosaccharides. Only one candidate gene for oligosaccharide content in the DJ subpopulation was identified that would be considered an upstream regulator of RFOs. That was a heat-shock transcription factor homolog (HSFA3), which directly regulates GolS1 and GolS2 in Arabidopsis . This candidate was also associated with stachyose content. The GWAS signals for TDF were only colocalized with a few GWAS signals and candidate genes related to SDF but no other dietary fiber component. In particular, no RFO GWAS signal was detected in TDF analysis. One reason for the latter observation might be the dramatic difference in the range of phenotypic values for RFOs (smaller values) compared with IDF and SDF. Indeed, IDF accounts for 75 to 96% of the total dietary fiber in common bean (Aguilera et al., 2009) . Therefore, when all the data is combined as the TDF variable, the information from RFOs is masked by the values of IDF and SDF, and GWAS fails to identify any signals for RFOs. The data showed clear peaks for IDF and SDF individually compared with when they were pooled as IDF+SDF or TDF. All the significant SNPs that were identified by TDF and SDF+IDF were either the same SNPs identified in SDF or SNPs farther from the candidate genes. Moreover, when oligosaccharides were analyzed as pooled values, no other candidate genes related to RFO biosynthesis or accumulation than STS and GolS1 were identified. The individual component analysis suggests that refining the phenotypes as a trait score that is a better descriptor of the underlying genetic architecture has higher power to identify critical genomic regions by reducing the noise and number of contributing loci.
CONCLUSION
Genome-wide association studies identified two functionally relevant candidate genes in the RFO biosynthesis pathway that can pave the way to identify causal alleles and design a reliable marker for marker-assisted selection Fig. 2 . Manhattan plots, quantile-quantile plots, and biosynthesis pathway of the best models for raffinose family oligosaccharides (RFOs) in the Middle American diversity panel population. The best model for each analysis is indicated in parenthesis. The RFO biosynthesis pathway is above the Manhattan plots. The enzymes in the pathway are indicated with bold font and connected to the identified candidate genes by a colored arrow. In this pathway, GolS1 is the first enzyme that uses UDP-Galactose (UDP-Gal) and myo-inositol as the substrates to produce galactinol. Raffinose synthase (RFS), stachyose synthase (STS), and verbascose synthase (VBS) are the enzymes in the next steps of this pathway and produce the RFOs. Glucose is converted to sucrose and myo-inositol by other enzymes including HXK (Hexokinase) to provide the substrates for the pathway along with UDP-Gal. TOR complex 1 (TORC1) is needed for raffinose and myo-inositol synthesis. Glc6p, glucose 6-phosphate; IMPase, inositol monophosphate phosphatase; MIPS, myo-inositol 3-phosphate synthase; Pgm, phosphoglucomutase; SucSynt, sucrose synthase; UGPase, UDPglucose pyrophosphorylase.
in the Middle American gene pool. Finally, based on cultivar release date, our analysis shows that over 20 yr of breeding, significantly higher levels of IDF and RFOs were achieved. This is another indicator that dietary fiber traits can be effectively improved in common bean, although unintentionally, over a moderate period of time.
